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A pole model for the form factors describing heavy to light meson transitions is constructed, and 
the results compared with the predictions of the heavy quark effective theory (HQET). While most 
of the HQET-predicted relationships among form factors hold at the maximum value of , many 
are violated, suggesting that the simplest version of the pole model of meson form factors should be 
used with caution, especially when combined with HQET. 
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I. INTRODUCTION AND MOTIVATION 
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' Over the past decade or so, the heavy quark effective theory (HQET) |l[ has proven to be a very useful tool for 

studying many aspects of the phenomenology of heavy quarks and the hadrons containing them. The predictions 
of this effective field theory have been used for 'model independent' extractions of Vcb, and similar extractions are 
^ , being attempted for Vub- Both inclusive and exclusive semileptonic decays have seen much activity in this field, but 
^ ' there have also been many applications to rare radiative decays and leptonic decays and, through various factorization 
' approximations, weak nonleptonic decays, as well as rare ones, have also been treated, with some success. 
\^ One set of processes in which the predictions of the HQET appeared to fail was in the rare decays B K*^, 

B Kip^'^ and B K*il)^'\ In particular, the predictions for the degree of longitudinal polarization of the vector 
\l , mesons in the last process was found by many authors to be significantly different from the measured value. In treating 
' these processes, the form factors extracted from D K^*^ semileptonic decays were taken and extrapolated to the 
much larger kinematic regime of B decays, and together with factorization, were used to describe the B 
--^ processes. The failure of the HQET predictions has led to the suggestion that there are non-factorizable contributions 
\ to the decay matrix element ^j^- 

It is possible that this conclusion is unnecessary, or that the size of the 'non-factorizable contributions' are smaller 
O I than estimated. A possible source of the discrepancy between theory and experiment could lie in the forms chosen 
D for the semileptonic form factors that describe the D —i- K^*^ semileptonic decays. Since these form factors formed 
the crucial basis of all that followed, any 'errors' in them would propagate into the later predictions. Indeed, using 
^ , the same assumptions of HQET, with factorization, we found a number of scenarios that successfully described all of 
the then available data, without the need for invoking other mechanisms or non-factorizable contributions, provided 
. , that the forms of the D if'*' semileptonic form factors were parametrized in a manner different from that chosen 
■ by the experimentalists [Q. 

" " ' To illustrate the problem, let's look at the decays D — > K^*^!^, both within the context of HQET, and otherwise. 
The weak matrix elements for these decay are parametrized in terms of six form factors as 

{K{p') |s7^c| D{p)) =f+{p + p')^ + f-{p- p')^ , 
{K*{j)', e) |s7^c| D{p)) = ige^uape*'' {p + p' f {p ~ p' f , 
(i^*(p',£)|s-7^75c|I?(p)) -/e; + e*-p[a+(p + p')^ + a_(p-p')J ■ (1) 
In the context of HQET, the D meson is represented as Q 



= ^ Mu(v), (2) 



where v = pjmD, and the matrix elements are obtained as, at leading order in HQET |^ 
Ik{p') |sr/i(^)| = Tr [75 (6 +^6) VMb{v)\ , 

l^rftW I = Tr [{(^3 +/Je4)£* -v^^* {i^^m^^Muiv)] . (3) 



The functions are independent of the mass of the heavy quark, and would be the same if the initial meson were a 
B 01 T meson instead. 

Taking the traces for the specific cases above gives 

{K{p') |s7^c| D{p)) = -V2^ {iiv^. - i2p'^) , 
{K*{p',e) |s7^c| D{p)) - -i\/2^e6eM-/3e*V"t'^ 
{K*{p\ e) |s-7^75c| D{p)) = [S,^e* ■ vv^ + ($6 - ^4) e* ■ vp'^ - + v ■ p'^e) • (4) 

Comparing the two sets of matrix elements leads to 

/+ = 7== {mD^2 + 6) , 

f- = J- (6 - "11)6) , 

9 = p. Ce, 



a 



a- J— 3- - "^r> (6 - C4)] ■ (5) 

If, on the other hand, the strange quark were to be treated as heavy, then all of the form factors could be written 
in terms of a single Isgur-Wise function, ■^(w), as 



f = -- — 2 '■^ + 

a+ = -a- = ^ ^{w), 



(6) 



where w = v ■ v' and v' = p' /m^^K These relationships are obtainable from the previous ones by noting that, by 
comparison with the Falk representations of states, in the limit rUg — > 00, 



- r^^e (7) 

It has become customary to parametrize these form factors as monopole forms and, in fact, this is how the available 
data in D K'^*^ semileptonic decays have been treated 0. However, from eqns. (||) and (||), it is clear that using 
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simple monopole forms for all of the form factors is contradictory to the predictions of HQET. In particular, the 
form factor / can not be a simple monopole. Indeed, if the Isgur-Wise function of eqn. (^) is chosen to be a simple 
monopole, then the dependence in / is not that of a monopole. While the differences in parametrization may have 
insignificant impact on the analysis of the D — )■ K^*'> semileptonic decays, the consequences can be very significant 
for B K^*^ decays. Note that Aleksan et al. [|j have pointed out that / should increase more slowly with than 
/+, 5 or a+, in order to accomodate the nonlcptonic and rare data. 

The question of the parametrization of these form factors is also important for the semileptonic decays of B mesons 
to light ones like p and tt, as these processes provide one means of obtaining the CKM matrix element Vub- Some 
information on the i? — > tt and B ^ p transition form factors can be obtained by applying HQET to the D ^ tt 
and D p semileptonic transitions. It has been proposed to extract these latter form factors with great precision at 
CLEO-c, and these could then be used in the extraction of Vub from the corresponding B decays. However, the value 
obtained for this CKM matrix element could be strongly dependent on the parametrization of the form factors. 

One question that arises here is the following. Is the monopole form valid, even for the Isgur-Wise function ^{w), 
or for the ^i? Is this a 'model' or an ansatz for the form factors that is consistent with HQET? To examine this, 
we have constructed a monopole model of form factors, and compared the predictions with those of HQET. The 
monopole model is constructed within the framework of HQET. In the next section, we discuss a number of relations 
among form factors that arise in HQET. For concreteness, we examine the 'decays' of D and D* mesons to K and 
K* mesons, through the scalar, pseudoscalar, vector, axial vector and tensor currents. In section III, we present the 
pole model we use, and point out some of the key results obtained there. In section IV we compare the predictions of 
HQET with those of the pole model, and in section V we present our conclusions. 



II. FORM FACTORS 



In this section, we discuss the transitions D^*^ —> K^*^ through the scalar, pseudoscalar, vector, axial vector and 
tensor currents. We first give the general Lorentz structure of the matrix elements, then examine the structures that 
arise in HQET, if the strange quark is treated as a light quark. In this case, the matrix elements are written in terms 
of the 6 functions ^i, introduced previously. 

The 20 matrix elements of interest are written in terms of form factors as 

{K{p')\-sc\D{p)) =5i(q2), 

{K*{p',e')\sc\D{p)) ={K{p')\sc\D*{p,e))=0, 

{K*{p', e') \-sc\ D*{p, e)) = S^iq^y ■ e'* + S:,{q^)e ■ p'e'* ■ p, 

{K{p')\sj5c\D{p)) =0, 

{K*ip',e')\s-f5c\Dip)) =niq')e'*-p, 

{K{p')\s^5c\D*{p,e)) ^r2{q^)£.p', 

{K*{p\e') \s^5c\D*{p,e)) = iMq')e^,a0e^'e"' {p + pT {p-p'f = -2zr3((z2)e^.„^eV>V^ 
{K{p') |57^c| D{p)) = U{q') {p + p')^ + Uq') {p - p')^ , 

{K*{p\ e') |s-7,,c| D{p)) = ig{q^)e^,^pe'*'^ {p + p'f {p - p'f , 

{K{p') |s-7pc| D*{p, e)) = ig'{q^)e^.o.pe*'' {p + p'T (P - p'f , 
{K*{p',e')\sj^c\D*{p,e)) = vi{q^)e ■ p'e'; + V2{q^)e'* ■ pe^ 

v+{q^){p + p')^+v^{q^){p~p')^ 
v'+{q')ip + p')^ + v'_iq^)ip-p')^ 



e ■ p e ■ p 



a+{q^)(p + p')^ + a^{q^){p-p')^ 



+ e ■ £ 

{K{p')\sj,,j5c\D{p)) =0, 
{K*{p',s') \-s^,n5c\D{p)) - f(q^)e';+e'*-p 

{K{p') |s-7^75c| D*{p,e)) = f'{q')e^ + e ■ p' [a'^q') {p + p')^ + a'_{q^) {p - p')^ 
{K*{p',e') \s^^^5c\D*{p,e)) = ^e^,^^ {{p + pT (p-p'f [hi{q')e ■ p' e'*'' + h2{q^)e'* ■ pe- 



'h+{q^){p + p')^ + h^{q'){p-p')^]} 
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{K{p') \sa^,c\ D{p)) = zs{q^) [{p + p% (p - p'). -{P- P'), iP + pX 
{K*{p\ e') \-sa^,c\ D{p)) = e^^^p {h{q^)e'* • p (p + p'f {P - p'f + e'*" [s+l?') (P + P')'' + .9-(9') (P " P')''] } , 
{K{p') \-sa^,c\ D*{p, e)) = e^.^f^ {h'{q')e ■ p' {p + p' f [p - p f + {a'M) (P + pf + g'M) {P - p'f] } , 
{K*{p\e') \sa^,c\ D*{p,e)) = Mq^) {s^s'; - e,e';) 

+ i [(P + P')^ {P - P')u - (P + P')u (P ~ P')^] (ii('z')e • e'* + ^2(9')£ • P's'* ■ P) 

+ ie'* ■ p [t+{q^) [e^ {p + p'), -e,{p + p')^^ + t^{q^) [e^ (p - p'). -e,{p- p')^^ } 

+ z£ • p' {iV(g2) [e'; [p + pX - e': (p + p') J + t'_ {q") [e'; (p - p'). - 4* b - p'),] } ■ (8) 

These 20 matrix elements are thus expressed in terms of 40 a priori independent form factors. 

In terms of the 6 functions at leading order in HQET, the matrix elements above are found to be 



{K{p') \-sc\ Dip)) 
{K*{p\e')\sc\ D*{p,s)) 
{K*{p',s')\-sj,c\D{p)) 
{K{p')\s-f5c\D*{p,e)) 
{K*{p\e')\s-f5c\D*{p,e)) 
{K{p') |s7^c| D{p)) 
{K*{p',e')\-s^^c\D{p)) 
{K{p')\-s^^c\D*{p,e)) 
{K*{p\e')\-s^^c\D*{p,e)) 

{K*{p',e')\-s-i^,^^c\D{p)) 
(if(p')|s7p75c|i?*(p,e)) 
{K*{p',e')\-s-i^-l5c\D*{p,e)) 
{Kip') \sa,,,c\ D{p)) 
{K*{p\e')\-s<j^,c\D{p)) 
{K{p')\sa^,c\ D*{p,e)) 
{K*{p\e')\sa^,c\D*{p,e)) 



= -\/2niD [v ■ p'£,2 + Cl] : 

= [s ■ e'* (^5 + « • P'^e) + e ■ p'e'* • i> ~ Ce)] , 

= V2^e'* -viv p'a + - 6) , 

= -V^m^e ■ p'£,2, 

= -V2m£, {£,2P'^ + £,iv^) , 

= \/2^ [-e ■ p'e';^6 + e'* ■ ve^ {^3 - v ■ p'^^ - ^5) 

+ e • p'e'* ■ p^iVf, +e-e'* (CeP^ + ^5^^)] , 

= {- (^5 + V ■ P'^6) e'; +e'*-v [6^^ + (fe - ^4) p'^] ] , 

= V2m£, [- (Ci + w ■ p'6) + ^ • -P'^Wp] ' 

= V2^eM-"/3£" (ei^''^ + ^P"') , 

+ [- (v^,p'^ ~ v^p'^) e-e'* +e-p' {v^,e'* - v,,£'*)] 

+ £'* -v [(^6 - C4) (em-PJv - £vP'^) + (Em^i' - £vV^)] } . 



(9) 



Because there are 40 form factors in eqns. (H) and only 6 functions in eqns. a large number of relationships 
among the form factors of eqns. can be derived. Among these are 



< 


-a'_ 


= h' = hi=t2= t'^ 


/+ 


+ .f- 


= - {9+ + g'-) , 


/+ 


-f- 


= = r2 = 2mDg' = - 




+ t'_ 


= 2r3 = 2g=^ = 
mo 


a+ 


+ a_ 


= t++t-, 






= -2/12 = 2h, 




+ v'_ 


= -{h+ + h_) = g+ 


a_ 


- a+ 


= = S3 = t_ - t+, 




Sl 


= /', 



riiD 



9+ -9- 



-2ti, 
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S2 = -/ = ^0, 

ri = -V2. 



(10) 



We emphasize here that these relationships are independent of the masses of the hght hadrons, the value of q^, and 
even the number of colors in QCD. The only criterion required is that the mass of the heavy quark be much larger 
than some scale 'Aqcd', which determines the regime of non-perturbative QCD dynamics. 

In addition to the relationships among the form factors, eqns. (||) and (||) can be used to determine how the form 
factors of eqn. (^) scale with the mass of the heavy quark or heavy meson. For instance, 

+ g' - i— , a+ + a- ~ —^=. (11) 



III. POLE MODEL 



We assume that the process D K through the current sTc proceeds as a two-step process, in which there is first 
the strong 'decay' D — > KDl, where Dl is any of the Ds resonances with the appropriate quantum numbers, followed 
by the 'leptonic' decay of the Dl through the current sTc. This means that we write 

, ,\ ^ (0\src\Dl)(DlK(*'>\D'^*^) , , 

K^*^\sVc\D^*A ^ V ^ ' % ^ ^, 12 

/ ^-^ q-^ — mi,; 

i, spins 

where the sum includes all possible D\ states allowed, and over all spins of those states. 

Within HQET we have already discussed, in the previous section, all of the 'semileptonic' matrix elements 
I^K'^*^ \sTc\ Now we turn to the strong and 'leptonic' matrix elements. 

For the leptonic processes (O \sTc\ Dl), we find from HQET that these matrix elements can be written 

(0 \src\ Dl{v)) = Tr [TMoiiv)] foi, (13) 

where AAj^i (v) is taken to be the Falk representation of the state, and fiji is its decay constant. This immediately 
implies that only states whose Falk representations have no free Lorentz indices can contribute in the pole model, as 
only these have non-zero leptonic matrix elements. Thus, only the (0~, 1~) and (0+, 1+) Dg multiplets are of interest. 
For the strong vertices, we use the form developed by the author namely that 

'dI{v)K{p)\D^*\v)) = Tr [a,^^5MDi{v)M^D\v)] . 

(^Dliv)K*ip,e)\D'-*Hv)) ^TT[ib,r + c,e*-v)fi^oi{v)M^n\^)]- (14) 

Here , bi and Ci are phenomenological constants that are independent of the mass of the heavy quark in the parent 
hadron. 

There is one subtlety here in that the emission of the light kaon cannot change the velocity of the heavy hadron, 
so that the parent D^*^ and daughter Dl move with the same velocity. However, we will simply take the forms above 
as being valid for all kinematics. 

With these forms, we can then calculate the semileptonic matrix elements, and extract the contributions to the 
various form factors. Doing this, we find, for instance, that 



f- 



2 2 mpmp^+q^ fp^aPs 
m o m^n 1 C— ' 

—mpml^ + mpml ^ 2m|,^m| - mp mprnj, + m.l^q^ - mp mpq^ + mW + mW - <f fp^,ap. 



mo m\)i 1 2^ 
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2 mp + mp^ fPsCp, 
mp ml) 1 ^ ' 

—mp,ml + + mz,^m|, - mpml - mp.q^ - mpq^ fp,cp. 



mp 



1 



a+ 



2 {mpmp-^ + g^) - mpCp,^ {mp>^ + mp)] fp,^ 
n^p »Ti|), 1 S 



a- = -2, 



2 [bD,(m|,mzj, + ml, + m^^m^ - mpm\ - mz,,g^ - mpq') + 2mz,m^cz, J /^^ 



2 1 



™D "^i)' 1 



cp, (2mp, mpm\ - m^, mp - ml, m^) 



+ bp'^ {mpm^jj, + mp'^m^jj — 2ml, ^ mp,^mpml + m^,, — mp'^m,pq^ + mj^q^ + mj^q^ — q*) 



(15) 



In these equations, the subscript Dg refers to either member of the (0,1) ground state multiplet of Dg states, while 
D'g refers to the (0+, 1+) multiplet. 

In their model for the form factors, Bauer, Stech and Wirbel write 



/+ 



hi 



f- 



m 



K 



1 



9 = 



mp + mK* 1 



hi 



f = {mp + mK') 



1 



hAo 



mp + mK' 1 



2mK* 



mp + mK' 



1 - 



2mA'* 1 ^ 



mp ~ mK' hA^ 
2mK' 1 - 



(16) 



The forms written in the last two sets of equations are similar, not unexpectedly, up to the extra kinematic 
dependence present in the numerators of eqns. ([iq). 



IV. RESULTS AND DISCUSSION 



The numerators of the form factor expressions obtained are, in general, q^ dependent, and q^ ranges from q^ = m^, 
where m^ is the mass of the 'lepton' emitted in the decay, to q^ = {mjj(,) — m^c*))^- In the latter case, q^ scales 
with the mass of the heavy quark, so it is instructive to examine the relationships among the form factors in the two 
extremes, independently. We note, however, that the predictions for the relationships among the form factors arising 
from HQET are independent of g^, and so should hold at any value of q^ . 
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A. = - m^(.))^ 



Of the numerous relations among the form factors shown in eqn. (10), very few are satisfied in the pole model we 
have constructed, in the = (jtijjm — m^(.))^ limit, at least at first sight. If we set rric to infinity, so that all the 
heavy mesons are approximately degenerate, and take the kaon and K* as approximately massless, we still find that 
very few of the relationships are satisfied. However, if we also take into account the scaling relationships of the form 
factors, then we find that most of the relationships do indeed hold. 

For instance, we find that /+ — /_= r2 so that /+ — /_ — r2 = should hold. In fact, in the pole model, the right 
hand side of this latter equation does not vanish. However, 




while, in the pole model 



meaning that 'at leading order' for these form factors, the relationship f+ — f- = r2 is satisfied. This is the manner 
in which all of the form factor relationships that do hold, become satisfied; the observed violations are of higher order 
in l/rric. 

The form factors, or combinations of form factors, that vanish exactly, namely 

a'+ - a'_ ^h' = hi^t'i= t'^ - = 1;+ - i;_ = (17) 

are not satisfied in the pole model, at the = {rrijjM — m^(.))^ limit. Setting all heavy masses to be the same, and 
the kaon {K*) mass to be zero does not help. In fact, these form factor combinations are all proportional to l/m^(o , 
in this limit. Thus, it is not clear how else to interpret these results but to say that these relationships are not 
satisfied in this pole model. Furthermore, use of scaling arguments may work for the combinations a'_^_ — a'_, t'^ — t'_ 
and 11+ ~ u_ , but there are no clear scaling arguments that can be made to say that the non- vanishing contributions 
to h' , hi and ^3 are in fact consistent with zero, at leading order. We note that using such scaling arguments suggests 
that while the combinations t'j^ — t'_ and u+ — u_ do indeed vanish at leading order (modulo a factor of 1/to^(,)), the 
combination a'_^_ — a'_ does not. 

B. g2 = 

In this limit, fewer of the relationships among the form factors are satisfied, even when the scaling arguments are 
used. For instance. 




and 

f+ + f--{g'+ + g'-) 



In the q^ ~ {niDit) — mj^(*))^ limit, this difference scales like thus vanishing at leading order. Here, in the 

q^ = limit, this difference clearly does not vanish, not even when scaling arguments are invoked. 

V. CONCLUSIONS 

In the pole model that we have constructed, a number of the HQET-predicted relationships among form factors 
are found to be violated at all values of q^. Grinstein |l0[| has argued that in the combined heavy quark, chiral and 
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large Nc limits, the few relationships examined for pseudoscalar meson transitions (B — > tt), in a pole model similar 
to the one constructed herein, do hold. However, the relationships shown in eqn. ( |lO[ ) are obtained only in the limit 
of a heavy quark, and are 'unaware' of the mass of the light mesons and the number of colors. They should therefore 
hold without the need to invoke these additional limits. 

In view of our results, we suggest that the available data on D semileptonic decays be reanalyzed using a param- 
terization of the form factors other than the monopolc form. Certainly, at least the form factor / should be allowed 
to depart from the 'simple' monopolc form. Furthermore, if funding for CLEO-c is approved, analysis of new data 
obtained on D semileptonic decays should relax the 'monopole assumption' for the form factors. Because of the lim- 
ited phase space, the form of the parametrization used will probably not have important consequences for D meson 
decays, not even for D ^ n processes. However, the differences in parametrization can lead to very different results 
for B decays, and are therefore of crucial importance for the extraction of Vub, for instance. This becomes even more 
important if the form factors for D —i- n (or D ^ p) semileptonic decays, in conjunction with the scaling predictions 
of HQET, are used in analysis of _B — > tt (or B ^ p) processes. 
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